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Abstract 
Here we report the successful synthesis of a spin- & charge-decoupled diluted 
magnetic semiconductor (Ca,Na)(Zn,Mn)2As2, crystallizing into the hexagonal 
CaAl2Si2 structure. The compound shows a ferromagnetic transition with a Curie 
temperature up to 33 K with 10% Na doping, which gives rise to carrier density of 
np~1020 cm-3. The new DMS is a soft magnetic material with HC<400 Oe. The 
anomalous Hall effect is observed below the ferromagnetic ordering temperature. 
With increasing Mn doping, ferromagnetic order is accompanied by an interaction 
between the local spin and mobile charge, giving rise to a minimum in resistivity at 
low temperatures and localizing the conduction electrons. The system provides an 
ideal platform for studying the interaction of the local spins and conduction electrons. 
 
PACS number(s): 75.50.Pp, 75.30.Kz, 76.75.+i 
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Diluted magnetic semiconductors (DMS) have received much attention due to their 
potential for application in the field of spintronics 1-5. In typical III-V DMS systems, 
such as (Ga,Mn)As, (In,Mn)As and (Ga,Mn)N, substitution of divalent Mn atoms into 
trivalent Ga or In sites leads to severely limited chemical solubility, resulting in 
metastable specimens only available as epitaxial thin films. Moreover, the 
hetero-valence substitution, which simultaneously dopes both charge and spin, makes 
it difficult to individually control each quantum degree of freedom.  
 
Recently, a new type of DMS, Li(Zn,Mn)As (termed “111” following the three 
chemical composition ratios), was discovered by Deng et al,6 with charges injected via 
off-stoichiometry of Li concentrations and spins via isovalent (Zn2+,Mn2+) 
substitution, showing a Curie temperature (TC) up to 50 K. Shortly thereafter, a new 
ferromagnetic DMS (Ba,K)(Zn,Mn)2As2 (named “122” following the terminology of 
iron pnictide superconductors7) was synthesized.8 Exploiting (Ba,K) substitution to 
introduce hole carriers and (Zn,Mn) substitution to supply magnetic moments, 
compositions with 5-15 % Mn doping exhibit a ferromagnetic transition temperature 
up to 180 K.7 The “122” DMS (Ba,K)(Zn,Mn)2As2 shares the tetragonal ThCr2Si2 
structure with the “122” iron pnictide superconductor (Ba,K)Fe2As2 and the 
antiferromagnet BaMn2As29, each with a lattice mismatch of less than 2%, giving rise 
to the unprecedented possibility of designing various interface-based devices among 
DMS, superconductors and magnets. Moreover, an increase in the carrier density 
could enhance the Curie temperature further to 230K in this 122 system.10 The idea of 
decoupling spin and charge has since been extended, resulting in the discovery of two 
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additional DMS system, “111” type Li(Zn,Mn)P11 and “1111” types 
(La,Ca)(Zn,Mn)SbO & (La,Ca)(Zn,Mn)AsO12,13 
 
Depending on the composition, “122” compounds can crystallize into the tetragonal 
ThCr2Si2 structure, as in the case of (Ba,K)(Zn,Mn)2As2, or the hexagonal CaAl2Si2 
structure. Interestingly, the hexagonal compounds CaMn2As2 and CaMn2Sb2 are fully 
frustrated classical magnetic systems with a honeycomb lattice of Mn atoms, 
exhibiting a complex magnetic phase diagram.14 Here we report the synthesis of bulk 
specimens of a new DMS (Ca,Na)(Zn,Mn)2As2 with the hexagonal CaAl2Si2 structure, 
as shown in Fig. 1(a).15 Hole carriers are provided through (Ca,Na) substitution and 
local spins through (Zn,Mn), resulting in ferromagnetism with Tc up to 33 K. Clear 
signatures of the ferromagnetic order are seen in the negative magnetoresistance and 
anomalous Hall effect below Tc. With increasing the Mn doping, the interaction 
between the local spins and conduction electrons gives rise to the minimum in 
resistivity and eventual localization of the conduction electrons at low temperatures.  
 
Experimental 
Polycrystalline samples of (Ca,Na)(Zn,Mn)2As2 were synthesized via the solid-state 
reaction method. The synthesis of starting materials CaAs and Na3As was described 
in an earlier paper.8 These starting materials were mixed with high-purity Zn, Mn, and 
As powders according to the nominal composition of (Ca,Na)(Zn,Mn)2As2. The 
mixture was sealed inside an evacuated titanium tube that was, in turn, sealed inside 
an evacuated quartz tube. The mixture was heated to 750 °C at a rate of 3 °C/min. 
This temperature was maintained for 20 h before being slowly decreased to room 
  4
temperature at a rate of 2 °C/min. Polycrystals were annealed at 600 °C for 10 h to 
remove the effect of grain boundaries in the transport measurements. Samples were 
characterized via X-ray powder diffraction with a Philips X'pert diffractometer using 
Cu K-edge radiation. The DC magnetic susceptibility was characterized by a 
superconducting quantum interference device magnetometer (Quantum Design, Inc.), 
and the electronic transport measurements were conducted with a physical property 
measuring system. Positive muon spin relaxation (μSR) measurements were 
performed on polycrystalline specimens at TRIUMF in Vancouver, Canada. 
 
Results and Discussion 
Fig. 1(b) shows the X-ray diffraction patterns of (Ca0.9Na0.1)(Zn1-xMnx)2As2 for x = 0, 
0.05, 0.1, 0.15, 0.2, and 0.25, respectively, collected over a 2θ range from 10° to 80°. 
Rietveld refinements were performed to determine the symmetry and lattice 
parameters of all samples, as shown in Fig. 1(c). Compared with the lattice parameters 
a=4.1596Å and c=7.022Å for (Ca0.9Na0.1)Zn2As2, the c-axis increases with doping 
concentration x, indicating successful solid solutions of Na and Mn. 
 
Fig. 2(a) shows the temperature dependence of the magnetization in zero field cooling 
(ZFC) and field cooling (FC) procedures under 500 Oe for (Ca0.9Na0.1)(Zn1-xMnx)2As2 
polycrystals with x = 0.025, 0.05, 0.1, 0.15, 0.2, and 0.25. The ferromagnetic 
transition temperature (Tc) initially increases with Mn doping, reaching a maximum 
value of about 33 K with 25% Mn content. As shown in the inset of Fig. 2(a), the 
sample (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2 shows paramagnetic behavior at high 
temperatures with an effective paramagnetic moment of ~ 5 μB per Mn2+ between 
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200 K and 300 K. 
 
We also performed magnetic hysteresis measurements. Fig.2(b) shows the M(H) 
curves of (Ca0.9Na0.1)(Zn1-xMnx)2As2 at T = 2 K. The maximum saturation moment is 
1.9 μB per Mn atom, comparable to that of (Ga,Mn)As1, Li(Zn,Mn)As6 and 
(Ba,K)(Zn,Mn)2As28. From the inset of Fig 2(b), the coercive force increases with Mn 
doping and reaches a maximum of HC<400 Oe, while the saturation moment mainly 
exhibits a decreasing tendency with Mn doping.  
 
To examine the magnetically ordered volume fraction and the ordered moment size, 
μSR measurements were performed on a specimen of (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2. 
Figure 2(c) shows the zero-field (ZF) μSR time spectra. A sharp increase of the muon 
spin relaxation rate is seen below 18 K, comparable to the TC~20 K determined by 
susceptibility measurements (Fig. 2d). In Fig. 2(e), the temperature dependence of the 
volume fraction of the magnetically ordered state estimated from the μSR data is seen 
to be consistent with the spontaneous magnetization under 5 Oe, showing 
homogeneous ferromagnetism with T3/2 dependence in low temperature.16,17 However, 
it should be noted that the T3/2 dependence in this case is related to the change in the 
volume fraction of the magnetically ordered phase, rather than the usual T3/2 
dependence arising from quadratic spin-wave dispersion in 100% magnetically 
ordered systems. 
 
As shown in Table 1, the tradeoff between coercive force and saturation moment may 
be a result of competition between antiferromagnetic coupling of Mn moments in the 
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nearest neighbor Zn sites and ferromagnetic coupling between Mn moments in more 
distant locations mediated by the doped hole carriers. As observed in Bi2−xMnxTe318, 
the saturation moments are much smaller than the effective paramagnetic moment 
above Tc, reminiscent of itinerant ferromagnetic systems19. The reason is probably the 
weak ferromagnetic exchange energy mediated by hole carriers between local Mn 
atoms through an RKKY-like interaction. 
 
Resistivity measurements shown in Fig. 3(a) indicate that CaZn2As2 is a 
semiconductor14. Doping Na atoms into Ca sites introduces hole carriers, leading to 
metallic behavior in (Ca,Na)Zn2As2. Upon subsequent doping of magnetic moments, 
the system shows ferromagnetic order at low temperature, as observed from the 
resistivity curves of (Ca0.9Na0.1)(Zn1-xMnx)2As2 for selected values of x up to 0.25 in 
Fig. 3(b).  The scattering of carriers by spins provided by Mn dopants increases the 
resistivity at room temperature.  
 
The resistivity of (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2, displayed in Fig.3(c), decreases 
linearly as the temperature is lowered from high-temperature regime, similar to many 
metals. In the inset of Fig. 3(c), between 60 K and 70 K, the resistivity begins to 
deviate from the linear trend, presumably owing to the scattering caused by 
short-range ferromagnetic interactions, evidenced by the negative magnetoresistance 
described below. The decrease of lattice scattering and increase of magnetic scattering 
from short range ferromagnetic interactions leads to a local minimum in the resistivity 
at about 50 K. Around Tc, strong scattering from the ferromagnetic fluctuations 
causes a local maximum in the resistivity curve. Below Tc, owing to the establishment 
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of ferromagnetic order and consequent decrease of magnetic scattering, the resistivity  
exhibits a rapid decline in low temperature region, consistent with the case of 
(Ga,Mn)As1 and Li(Zn,Mn)As6.  
 
The magnetoresistance curve of (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2 is depicted in Fig. 3(d) 
for temperatures between 2 K and 60 K. Similar to the case of metallic (Ga,Mn)As20,21, 
obvious negative magnetoresistance develops for T>TC, with the establishment of the 
short-range ferromagnetic interaction (without long range order). As the temperature 
decreases, the negative magnetoresistance is enhanced, and reaches its maximum near 
Tc probably due to the rapid polarization of the Mn spins in the ferromagnetic ordered 
state. At T = 2 K, an obvious hysteresis is observed in magnetoresistance curve, 
showing consistent behavior with the coercive force observed in the M(H) curve. The 
small positive magnetoresistance observed in low magnetic field is most probably 
caused by the rotation of spins from their original direction to the magnetic field 
direction.21 The sample with x = 0.1 exhibits behavior similar to that described above 
and has a ferromagnetic Curie temperature of 28 K. 
 
For the samples with x = 0.15 and x = 0.2, there exists an additional minimum in the 
resistivity at about 12K. As seen in Fig. 3(e), which displays the resistivity versus 
temperature on a logarithmic scale, the resistivity minimum is gradually suppressed as 
the applied magnetic field is increased, accompanying a type of antiferromagnetic 
interaction. On the semi-logarithmic scale, the resistivity is almost linear at low 
temperatures under different magnetic fields. It would be interesting for further study 
to investigate whether this phenomenon is the signature of the Kondo effect22 or if it 
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should be explained in terms of quantum corrections to the conductivity in the weakly 
localized regime for the spin-polarized universality class in (Ga,Mn)As23. The 
specimens with x = 0.15 exhibit similar transport behavior under an applied magnetic 
field as that of the x = 0.2 sample. 
 
As the Mn concentration is increased to x = 0.25 in Fig. 3(f), the resistivity exhibits an 
increase at low temperature, implying the localization of conduction electrons, just as 
in the case of (Ga,Mn)N20 and (Ba,K)(Zn,Mn)2As28. The resistivity shows an anomaly 
at the ferromagnetic ordering temperature around 33 K, evidenced by the negative 
magnetoresistance below Tc. 
 
To further investigate the transport properties, we measured the Hall effect for 
selected samples. The compounds with 10% Na doping show an anomalous Hall 
effect below the ferromagnetic ordering temperature with a carrier density of 
np~1020cm-3, comparable to that of (Ga,Mn)As1, (In,Mn)As2 and Li(Zn,Mn)As6. The 
Hall resistivity of (Ca0.9Na0.1)(Zn0.85Mn0.15)2As2 at T=2 K, shown in Figure 4, reveals 
a coercive force of about 270 Oe, quite consistent with the M(H) curve. Considering 
how the transport properties can thus be effectively tuned by the ferromagnetic order, 
this new DMS is suitable for spin manipulation as a soft material in future.  
 
Conclusion 
(Ca,Na)(Zn,Mn)2As2, a new spin- and charge-decoupled DMS based on the 
hexagonal CaAl2Si2-type structure, has been synthesized and characterized by 
structural, magnetic, μSR, and electronic-transport measurements. With (Ca,Na) 
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substitution to introduce hole carriers and (Zn,Mn) substitution to introduce local 
spins, the system exhibits ferromagnetic order, which is evidenced by both μSR 
measurements and the anomalous Hall effect. With increasing Mn doping, the 
interaction of the local spins and conduction electrons gives rise to a minimum in 
resistivity at low temperature, ultimately localizing the conduction electrons. Thus, 
the system provides an ideal platform for research into the interaction of the local 
spins and conduction electrons. 
 
Acknowledgments: 
The work was supported by NSF & MOST of China through research projects; the US 
NSF PIRE (Partnership for International Research and Education: OISE-0968226) 
and DMR-1105961 projects at Columbia; the JAEA Reimei project at IOP, Columbia, 
PSI, McMaster and TU Munich; and NSERC and CIFAR at McMaster. 
  10
References: 
[1] H. Ohno, Science 281, 951 (1998). 
[2] T. Dietl, Nature Materials 9, 965 (2010). 
[3] I. Zutic, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004). 
[4] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y. Iye, 
Appl. Phys. Lett. 69, 363 (1996). 
[5] T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science 287, 1019 
(2000). 
[6] Z. Deng, C. Q. Jin, Q. Q. Liu, X. C. Wang, J. L. Zhu, S. M. Feng, L. C. Chen, R. 
C. Yu, C. Arguello, T. Goko, F. Ning, J. Zhang, Y. Wang, a a Aczel, T. Munsie, T. J. 
Williams, G. M. Luke, T. Kakeshita, S. Uchida, W. Higemoto, T. U. Ito, B. Gu, S. 
Maekawa, G. D. Morris, and Y. J. Uemura, Nature Communications 2, 422 (2011). 
[7] M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101, 107006 (2008). 
[8] K. Zhao, Z. Deng, X. C. Wang, W. Han, J. L. Zhu, X. Li, Q. Q. Liu, R. C. Yu, T. 
Goko, B. Frandsen, L. Liu, F. Ning, Y. J. Uemura, H. Dabkowska, G. M. Luke, H. 
Luetkens, E. Morenzoni, S. R. Dunsiger, A. Senyshyn, P. Böni, and C. Q. Jin, Nature 
Communications 4, 1442 (2013).  
[9] A. Panday, R. S. Dhaka, J. Lamsal, Y. Lee, V. K. Anand, A. Kreyssig, T. W. 
Heitmann, R. J. McQueeney, A. I. Goldman, B. N. Harmon, A. Kaminski, and D. C. 
Johnston, Phys. Rev. Lett. 108, 087005 (2012).  
[10] K. Zhao, B.J. Chen, G.Q. Zhao, Z. Yuan, Q.Q. Liu, Z. Deng, J.L. Zhu, and C.Q. 
Jin, Chin. Sci. Bull. 59, 2524 (2014) 
  11
[11] Z. Deng, K. Zhao, B. Gu, W. Han, J. L. Zhu, X. C. Wang, X. Li, Q. Q. Liu, R. C. 
Yu, T. Goko, B. Frandsen, L. Liu, Jinsong Zhang, Yayu Wang, F. L. Ning, S. 
Maekawa, Y. J. Uemura, and C. Q. Jin, Physical Review B 88, 081203(R) (2013) 
[12] W. Han, K. Zhao, X.C. Wang, Q.Q. Liu, F.L. Ning, Z. Deng, Y. Liu, J.L. Zhu, C. 
Ding, H.Y. Man, C.Q. Jin, Science China-Physics, Mechanics & Astronomy 56, 2026 
(2013) 
[13] J.C. Lu, H.Y. Man, C. Ding, Q. Wang, B.Q. Yu, S.L. Guo, H.D. Wang, B. Chen, 
W. Han, C.Q. Jin, Y. J. Uemura and F.L. Ning, EPL 103, 67011 (2013)  
[14] J. W. Simonson, G. J. Smith, K. Post, M. Pezzoli, J. J. Kistner-Morris, D. E. 
McNally, J. E. Hassinger, C. S. Nelson, G. Kotliar, D. N. Basov, and M. C. Aronson, 
Phys. Rev. B 86, 184430 (2012). 
[15] Franziska Wartenberg, Christian Kranenberg, Regina Pocha, Dirk Johrendt, 
Albrecht Mewis, Rolf-Dieter Hoffmann, Bernd D. Mosel, and Rainer Pöttgen, Z. 
Naturforsch. 57b, 1270 (2002). 
[16] A. H. Macdonald, P. Schiffer, and N. Samarth, Nature Mater. 4, 195 (2005). 
[17] S. R. Dunsiger, J. P. Carlo, T. Goko, G. Nieuwenhuys, T. Prokscha, A. Suter, E. 
Morenzoni, D. Chiba, Y. Nishitani, T. Tanikawa, F. Matsukura, H. Ohno, J. Ohe, S. 
Maekawa, and Y. J. Uemura, Nature Mater. 9, 299 (2010). 
[18] Y. S. Hor, P. Roushan, H. Beidenkopf, J. Seo, D. Qu, J. G. Checkelsky, L. A. 
Wray, D. Hsieh, Y. Xia, S.-Y. Xu, D. Qian, M. Z. Hasan, N. P. Ong, A. Yazdani, and 
R. J. Cava, Phys. Rev. B 81, 195203 (2010). 
[19] T. Dietl, H. Ohno, and F. Matsukura, Phys. Rev. B 63, 195205(2001). 
[20] F. Matsukura, H. Ohno, A. Shen, and Y. Sugawara, Phys. Rev. B. 57, R2037 
(1997). 
  12
[21] T. Dietl, J. Phys. Soc. Jpn. 77, 031005 (2008). 
[22] H. T. He, C. L. Yang, W. K. Ge, J. N. Wang, X. Dai, and Y. Q. Wang, Appl Phys 
Lett. 87, 162506 (2005). 
[23] L. Chen, S. Yan, P. F. Xu, J. Lu, W. Z. Wang, J. J. Deng, X. Qian, Y. Ji, and J. H. 
Zhao, Appl Phys Lett. 95, 182505 (2009). 
  13
Table 1:  Th transition temperature TC, saturation moment MS(H=0), and coercive 
field HC at T = 2 K after training in the external field of 1 T for 
(Ca0.9Na0.1)(Zn1-xMnx)2As2 with several different Mn spin doping levels x.  
 
(Ca0.9Na0.1)(Zn1-xMnx)2As2 x=0.025 x=0.05 x=0.10 x=0.15 x=0.20 x=0.25
TC[K]  7 20 28 30 30 33 
Saturation Moment/ Mn 1.2 1.9 1.0 0.7 0.45 0.38 
Coercive field/Oe 42 105 165 270 260 400 
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Figure Captions: 
Fig. 1(a) Crystal structure of CaZn2As2, with hexagonal CaAl2Si2 structure; (b) X-ray 
diffraction patterns of (Ca0.9Na0.1)(Zn1-xMnx)2As2 polycrystals for x = 0, 0.05, 0.1, 
0.15, 0.2, and 0.25, respectively; (c) c axis lattice parameter of 
(Ca0.9Na0.1)(Zn1-xMnx)2As2. 
 
Fig. 2(a) dc magnetization measured in H = 500 G in (Ca0.9Na0.1)(Zn1-xMnx)2As2 with 
several different charge doping levels x, with zero-field cooling (ZFC) and 
field-cooling (FC) procedures; (b) M(H) curves after field training up to 7 T and 
subtraction of the paramagnetic component measured in (Ca0.9Na0.1)(Zn1-xMnx)2As2 
with several different charge doping levels x; (c) Zero-field μSR time spectra obtained 
from a polycrystalline specimen of (Ca0.9Na0.1)(Zn0.9Mn0.1)2As2; (d) the relaxation rate 
a of the signal that exhibits fast relaxation; (e) Temperature dependence of the volume 
fraction of regions with static magnetic order, estimated by μSR measurements in 
zero field (ZF), consistent with that of spontaneous magnetization under 5 Oe. 
 
Fig. 3(a) Temperature-dependent resistivity curves of (Ca1-xNax)Zn2As2 for x = 0, 
0.05, and 0.1, respectively; (b) Resistivity of (Ca0.9Na0.1)(Zn1-xMnx)2As2 for x = 0.1, 
0.15, 0.2, 0.25, and 0.3, respectively; (c) Resistivity curve ρ(T) of 
(Ca0.9Na0.1)(Zn0.95Mn0.05)2As2, with dρ(T)/dT curve in the inset; (d) magnetoresistance 
curve of (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2 measured in an external field of 7 T at T=2K, 
5K, 10K, 20K, 30K, and 50K, respectively. Inset: magnetoresistance curve in low 
magnetic field at T=2K; (e) Resistivity curve ρ(T) of (Ca0.9Na0.1)(Zn1-xMnx)2As2 with 
x = 0.2 under H=0T, 0.2T, 1T, and 2T, respectively. The temperature axis is on a 
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logarithmic scale. There exists an additional minimum in the resistivity, and the 
low-temperature region is almost linear for various magnetic fields; (f) ρ(T) of 
(Ca0.9Na0.1)(Zn1-xMnx)2As2 with x = 0.25 under H=0T, 0.2T, and 1T, respectively. 
 
Fig. 4 Hall effect results from a sintered specimen of (Ca0.9Na0.1)(Zn1-xMnx)2As2 with 
Mn doping level x = 0.15 at T = 2 K. Anomalous Hall effect and a very small coercive 
field are seen, consistent with the magnetic hysteresis curve M(H) at T = 2 K. 
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Fig. 4 
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